Chondroitin sulfate (CS) glycosaminoglycans play critical roles in various physiological processes, including cell division, inflammation, and spinal cord injury. 1 However, the complexity of this important class of molecules has hindered efforts to relate structure to function and to generate defined molecular tools for manipulating CS activity. Comprising 40-200 sulfated disaccharide units, CS is thought to contain "blocks" of high and low sulfation, with highly sulfated regions serving as binding sites for growth factors, cytokines, and other proteins. 2,3 Although a tetrasaccharide is often sufficient for molecular recognition and neuronal activity, 3,4 longer sequences may further enhance protein binding and allow for the assembly of multimeric protein complexes. 5 Given the challenges inherent in the synthesis of large oligosaccharides, we sought the development of CS mimetics that would retain key properties of CS polysaccharides, yet be more synthetically accessible. Here, we describe the first synthesis and characterization of CS glycopolymers with defined sulfation sequence and tunable chemical and biological properties.
Chondroitin sulfate (CS) glycosaminoglycans play critical roles in various physiological processes, including cell division, inflammation, and spinal cord injury. 1 However, the complexity of this important class of molecules has hindered efforts to relate structure to function and to generate defined molecular tools for manipulating CS activity. Comprising 40-200 sulfated disaccharide units, CS is thought to contain "blocks" of high and low sulfation, with highly sulfated regions serving as binding sites for growth factors, cytokines, and other proteins. 2, 3 Although a tetrasaccharide is often sufficient for molecular recognition and neuronal activity, 3,4 longer sequences may further enhance protein binding and allow for the assembly of multimeric protein complexes. 5 Given the challenges inherent in the synthesis of large oligosaccharides, we sought the development of CS mimetics that would retain key properties of CS polysaccharides, yet be more synthetically accessible. Here, we describe the first synthesis and characterization of CS glycopolymers with defined sulfation sequence and tunable chemical and biological properties.
Surprisingly few polymers based on glycosaminoglycan structures have been reported. Heparin-like glycopolymers have been synthesized from simple monosaccharides such as N-acetyl-Dglucosamine. 6 However, no high molecular weight glycopolymers have been assembled from disaccharide building blocks found in heparin/heparan sulfate, chondroitin, dermatan, or keratan sulfate glycosaminoglycans. 7 We envisioned that such glycopolymers would more closely mimic the natural polysaccharides (Figure 1 ), facilitating explorations into the importance of macromolecular structure (e.g., distance, number, and orientation between proteinbinding epitopes, multivalency) and providing tools to perturb the functions of CS in vivo.
The functional complexity of CS represents a major challenge to the synthesis of glycopolymers as hydroxyl, carboxylic acid, and sulfate groups are reactive under cationic and anionic polymerizations. As such, we explored ruthenium-catalyzed ring-opening metathesis polymerization (ROMP), 8 which has been shown to tolerate a broad range of functional groups and affords glycopolymers of controllable length and narrow polydispersity. 9 In place of norbornene derivatives used previously, 9 we chose cis-cyclooctene monomers, as less constrained scaffolds have been reported to adapt better to biological receptors. 10 To ensure a high degree of control over the sulfation pattern, sulfated monomers were used in the polymerization reaction.
We first probed the efficiency of ROMP using disaccharides 6 and 7, which display the biologically active CS-E sulfation motif (Scheme 1). To obtain 6 and 7, trichloroacetimidate 11 donor 1 4 was coupled to the cyclooctene acceptor 2 to afford exclusively the -linked disaccharide 3 in 69% yield. Removal of the tertbutyldimethylsilyl group using HF‚pyridine gave 4, which served as a glycosyl acceptor to assemble tetrasaccharides (Scheme 2). Free radical reduction of the N-trichloroacetyl group and DDQ oxidation of the p-methoxybenzylidene acetal of 3 furnished diol 5 in 82% yield, which gave 6 upon sulfation with sulfur trioxide‚ trimethylamine complex. Alternatively, desilylation followed by saponification using a sequential LiOOH-NaOH treatment to minimize -elimination at the C4 position 12 gave deprotected monomer 7.
ROMP is typically performed in non-coordinating, aprotic solvents. However, the low solubility of 7 under such conditions prompted us to investigate the reaction in polar protic solvents. Polymerization of 7 in MeOH using 2.5 mol % of the fast-initiating catalyst (H 2 IMes)(Py) 2 (Cl) 2 RudCHPh (8) 9g,13 proceeded to incomplete conversion (36%) and furnished glycopolymer 9 with a low degree of polymerization (DP ) 21; Scheme 2). Similarly, ROMP of 7 in aqueous solution using 2.5 or 5.0 mol % of the water-soluble catalyst (H 2 IMes-poly(ethyleneglycol))(Cl) 2 RudCH(o-iPrOC 6 H 4 ) 14 afforded incomplete conversion (7 or 60%, respectively) and low molecular weight polymers (DP ) 8 or 28, respectively). The low conversions and polymer molecular weights are likely due to coordination of the solvent to the catalyst and reactive intermediates, which is expected to reduce the propagation rate and lead to premature chain termination. 13b To address this problem, we explored the polymerization of disaccharide 6, which was soluble in MeOH/(CH 2 Cl) 2 cosolvent mixtures. Reaction of 6 with 2.5 mol % of catalyst 8 in 1:5 MeOH/ (CH 2 Cl) 2 at 55°C afforded complete conversion to glycopolymer 10 with 40 repeating units (Scheme 2 and Table 1, entry 2). Importantly, varying the amount of catalyst (0.5-5.0 mol %) led to a series of glycopolymers with controllable molecular weights (DP ) 25-80) and relatively narrow polydispersities (1.24-1.63; entries 1-4). To probe the importance of sulfation, glycopolymer 11, whose pendant disaccharides lack sulfate groups, was also synthesized via polymerization of 5 (entry 5). Finally, we generated glycopolymer 13 containing CS-E tetrasaccharide units from monomer 12 (entry 6). To our knowledge, 13 represents the most functionally complex glycopolymer synthesized to date. All glycopolymers were characterized by 1 H NMR spectroscopy and gel permeation chromatography (GPC). The desired CS glycomimetics 14-16 were obtained after desilylation and sequential LiOOHNaOH treatment in 87-95% yield over two steps (Scheme 3).
We evaluated the biological activity of the glycopolymers by measuring their ability to modulate the outgrowth of hippocampal neurons. Neurons were cultured on poly-DL-ornithine-coated glass coverslips, and each glycopolymer was added in solution to the neurons. 15 After 48 h, the neurons were fixed, immunostained with anti-tubulin antibodies, and examined by fluorescence microscopy. We found that natural polysaccharides enriched in the CS-E sulfation motif completely inhibited neurite outgrowth when added in solution at 0.5 µg/mL glucuronic acid concentration to hippocampal neurons (Figure 2) . These results are consistent with the model that CS-E present on cell-surface proteoglycans or coated on a substratum recruits growth factors to the cell surface, thereby stimulating downstream signaling pathways involved in neuronal growth. 3b, 16 By adding CS-E in solution to neurons, growth factors are presumably sequestered away from the cell surface, resulting in neurite inhibition.
Remarkably, glycopolymer 14 mimicked the activity of the natural polysaccharide (Figure 2 ). While the isolated disaccharide 7 was insufficient for biological activity, incorporation of the disaccharide into a polymeric framework endowed it with the ability to inhibit neuronal growth. Moreover, the potency of the glycopolymers was valence-dependent: polymers with 25 disaccharide a Number average molecular weight and polydispersity index were determined by GPC (0.2 M LiBr in DMF).
Scheme 3. CS Glycomimetics a
a Conditions: (a) (i) HF‚pyr, THF/pyr, 25°C; (ii) LiOH, H2O2, then NaOH, MeOH, 25°C, 87-97% (two steps). units exhibited moderate activity (40.9 ( 5.4% inhibition), while those with 80 disaccharide units showed significantly enhanced activity (86.0 ( 5.8% inhibition) at the same glucuronic acid concentration. These findings highlight the importance of multivalency in modulating the activity of CS. In addition, the unsulfated glycopolymer 15 had little effect on neurite outgrowth (5.9 ( 5.6% inhibition), confirming earlier observations that sulfation is a prerequisite for activity, 4 and further highlighting the ability of these glycopolymers to recapitulate features of natural CS polysaccharides.
Previous studies have shown that a tetrasaccharide represents a minimum functional domain for protein recognition and neuronal growth-promoting activity when adhered to a substratum. 3, 4 In this solution-based assay, a monovalent tetrasaccharide at 0.5 µg/mL glucuronic acid concentration had minimal activity (Supporting Information). In contrast, glycopolymer 16 at the same glucuronic acid concentration exhibited maximal activity, inducing neurite inhibition to the same extent as the natural polysaccharide ( Figure  2) . To compare the relative potencies of glycopolymer 16 and the natural polysaccharide, we measured their inhibition values at various concentrations (Figure 3 ). We were excited to find that the inhibitory potency of 16 was comparable to that of the natural polysaccharide (IC 50 values of 1.3 ( 0.1 and 1.2 ( 0.1 nM, respectively), despite considerable changes to the macromolecular structure. These results suggest a surprising flexibility in the way proteins engage CS. We find that a linear orientation of CS epitopes is not required for biological activity. Instead, strategic placement of short epitopes, even in the context of branched structures, is sufficient to recapitulate many of the properties of natural CS glycosaminoglycans.
In summary, we have generated novel CS glycomimetics through ROMP of fully protected, sulfated monomers. The polymers recapitulate key features of glycosaminoglycans and display biological activities comparable to those of natural CS polysaccharides. Notably, this approach greatly simplifies the synthesis of complex glycosaminoglycans, providing synthetically accessible, bioactive structures of programmable sulfation sequence. The ability to control the sulfation pattern within the glycopolymer is significant as it should allow for the generation of CS type-specific polymers (e.g., CS-E, CS-A, CS-C) with distinct functions. Our studies highlight the importance of multivalent interactions in amplifying CS activity and suggest an unexpected tolerance for unnatural polymeric architectures. We anticipate that these glycopolymers will be powerful tools for further exploring how the macromolecular structure of CS directs its activity and for manipulating the functions of CS in vivo. 
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